Intraspecific diversity in plant immune interactions is associated with the high level of sequence 27 variations at hundreds of NLR, one of the largest and most rapidly evolving plant gene families (Stahl 28 et al., 1999; Meyers et al., 2003; Clark et al., 2004; Innes et al., 2008; Yue et al., 2012; Shao et al., 2016) . 29
Each NLR protein can be involved in the direct or indirect recognition of a small range of effector 30 proteins secreted by specific strains of plant pathogens, potentially triggering the induction of strong 31 plant defense responses that can rapidly stops pathogen invasion (Maekawa et al., 2011; Jones et al., 32 2016 ). Thus, with only a few exceptions (including non-NLR driven resistances (Thomas, 1998 The triggering of effective resistance requires that cellular levels of NLR proteins reach minimum 46 thresholds. However, elevated expression levels of NLR can also lead to autoimmunity drawbacks, 47
including spontaneous HR and retarded plant growth (Li et al., 2015; Lai and Eulgem, 2018) . Their 48 abundance is thus tightly controlled by multiple mechanisms , at the transcriptional, post-transcriptional 49 (Zhang and Gassmann, 2007) Figure S1 ). Four main QTL determine this difference, which act additively 43 . Here 85 we identify by fine mapping of the largest effect resistance QTL Pb-At5.2 a strong association between 86 partial resistance and the expression level of the two NLR genes At5g47260 and At5g47260, linked to 87 the DNA methylation status of the small region including those two genes and a neighboring 88 transposable element (TE) sequence. Furthermore, we show that epiallelic variation at this locus is 89 frequent among natural Arabidopsis accessions and that the highly methylated state is negatively 90 correlated with the expression of the two NLR-genes as well as with quantitative resistance to P. 91 brassicae. In contrast, there is no correlation between the trait and any specific nucleotide variant across 92 the entire QTL interval. We further show that the RNA independent pathway involving DDM1, MET1, 93 VIM and CMT2/3 maintains the hypermethylated epiallele in Col-0. Overall, our findings demonstrate 94 that the quantitative resistance to a major root disease affecting Brassicaceae is associated, in 95 Arabidopsis, with the stable inheritance of a natural epigenetic variation involved in the control of the 96 constitutive expression of a pair of NLR-genes. 97
Results

98
Fine mapping of the Pb-At5.2 locus responsible for clubroot resistance. 99 6 indel in their promoter regions in Bur-0, respectively. The possible causal role of these variations was 131 discarded, as both genes were expressed similarly from the Bur-0 and Col-0 alleles ( Fig. 2a ). Most of 132 the other SNPs in the 26kb region were associated with the NUDX8 encoding gene At5g47240 and to a 133 smaller extent with the adjacent NLR-gene At5g47250. However, clubroot symptoms in the 134 homozygous T-DNA mutant lines SALK_092325C (T-DNA in the At5g47240 gene) and 135
WiscDsLoxHs110_09B (T-DNA in the At5g47250 gene) were the same as in Col-0 (Supplementary 136 Figure S6 ). At5g47260 and At5g47280, both encoding proteins belonging to the family of non-TIR-137 NLR immune receptors, displayed one single non-synonymous SNP, and no SNP, respectively. 138
However, RNA-seq analysis indicated that these two genes were constitutively expressed in the roots of 139 Bur-0, 10499 and 1381-2 (with the Bur-0 allele, Fig. 2a and Supplementary Figure S4 ), but their 140 expression was almost undetectable in Col-0, 13499 and 2313-15 (with the Col-0 allele). 141
To understand why these two NLR genes At5g47260 and At5g47280 were differentially expressed in 142
Bur-0 and Col-0, even in the absence of any sequence variation within the putative promoter regions of 143 these genes, we analyzed the DNA methylation level at the region in these two accessions using public 144 methylome data (Kawakatsu et al., 2016) . The genomic interval between 19,188, 411 and 19,196,559, 145 which includes, in Col-0 and Bur-0, the two genes At5g47260 and At5g47280 and the transposon 146 At5TE69050 in-between, were hypermethylated and hypomethylated in Col-0 and Bur-0, respectively 147 ( Fig. 2b) . This contrasting methylation state was experimentally confirmed using DNA extracted from 148 infected or control roots of Col-0 and Bur-0 plants ( Fig. 2c ) and CHOP qPCR. These DNA methylation 149 differences were also found between the progeny HIF lines 10499 and 13499 and in the pair of HIF-150 derived homozygous near-isogenic lines 1381-2/2313-15 ( Fig. 2c) , thus indicating that they are stably 151 inherited independent of any DNA sequence polymorphism outside of the locus. Moreover, the 'Col-152 like' hypermethylation of At5g47260 and At5g47280 was systematically associated with a low 153 expression of the two NLR genes and a lower level of partial resistance to P. brassicae infection. To 154 further investigate the inheritance of this epiallelic variation and its penetrance on gene expression and 155 clubroot resistance, we then investigated two series of 100 individual plants, corresponding to the 156 progenies derived from selfing the heterozygous 2509 and 1381 lines (harbouring heterozygosity at the 7 locus). The evaluation of plant disease for each individual plant in the two progenies indicated a 3:1 158 mendelian segregation of the partial resistance phenotype. Clubroot symptoms in individuals with only 159 one Bur-0 resistance allele were the same as in individuals with the two susceptible Col-0 allele 160 ( Fig. 3a) . In clubroot-inoculated roots of each of those individual plants from the 2509 progeny, the 161 methylation state of the Pb-At5.2 region was monitored by CHOP qPCR on At5g47260. In addition, the 162 SNP allele status at Pb-At5.2 was investigated for each individual plant (details of markers are given in 163 Figure S7 ). We then analyzed DNA methylation levels in 287 accessions belonging 185 to the 401 accessions containing the Col-0/Bur-0-like Pb-At5.2 and for which public bisulfite data is 186 available (Kawakatsu et al., 2016) . Based on this data, we could distinguish a group of 228 accessions 187
showing hypomethylation of Pb-At5.2, including Bur-0, and another group of 59 accessions, which 188
includes Col-0, that displays hypermethylation (Fig. 4b) . DNA methylation is not associated with TE presence/absence variants. In addition, the cis-nucleotide 213 polymorphism located within the coding sequence of At5g47260 and detected in Bur-0 was absent in at 214 least five others accessions sharing the hypomethylated epiallele (Supplementary Figure S8) , 215
indicating that the hypomethylated state of Pb-At5.2 is not correlated with any specific DNA sequence 216 polymorphism at the locus. 217
The hypermethylated epigenetic variant is maintained by the RNA-independent pathway. Analysis of 218 sRNAs identified in Col-0 (Stroud et al., 2014) revealed that the At547260/At5g47280 region is targeted 219 mostly by 24-nt sRNA, which prompted us to generate sRNA profiles from non-inoculated roots of Col-220 0 and Bur-0 as well as to 7 and 14 dpi with P. brassicae isolate eH. Consistent with the pattern of DNA 221 methylation observed before, we found high levels of sRNAs only in Col-0 ( Fig. 6a ). To explore further 222 the mechanisms involved in the maintenance of methylation at this locus, we made use of publicly 223 available methylomes of Col-0 mutant plants defective in one or several DNA methylation pathways 224 (Stroud et al., 2013) . Despite the high levels of sRNAs detected over the At547260/At5g47280 region, 225 mutations affecting the RdDM pathway did not influence its DNA methylation level (Supplementary 226 Figure S9 ). Conversely, DNA methylation was largely lost in mutants defective in sRNA-independent 227 maintenance of DNA methylation, i.e. ddm1, cmt2/3, met1, and suvh456. Many examples of epialleles are metastable, i.e. they can be reversed by stochastic or non-identified 244 factors (Weigel and Colot, 2012) . Stability over multiple generations is a primary concern from both 245 evolutionary and breeding perspectives. The epiallele described here seems to be extremely stable, as it (2017), DNA methylation variation is not epigenetic as it is an obligate consequence of sequence 263 variation (i.e. presence/absence of the TE sequence). In the present study, we showed that DNA 264 methylation variation in the region between At5g47260 and At5g47280, including the TE sequence 265
At5TE69050, is not linked to any nucleotide/structural variation at the locus or elsewhere in the genome. 266
Thus, Pb-At5.2COL and Pb-At5.2BUR can be considered as 'pure epialleles', as defined by Richards (2006) . to Pb-At5.2. Among the 287 genotypes with Col/Bur-like genomic structure and available methylation 290 data, both were genes were always methylated and it was thus not possible to use these genetic resources 291 to gain information on the impact of silencing only one of the two genes. Additional molecular work 292 (including CRISPR-Cas9-based nucleotide deletions or demethylation, in the Bur-0 accession, and the 293 analysis of protein-protein interactions) is thus necessary to assess the individual role and possible 294 partnership of these two genes. of Pb-At5.2 was also assessed with a series of additional isolates Pb137-522, Ms6, K92-16 and P1 + . For 325 every isolate used in this study, the pathotype was validated in every experiment using the differential 326 host set according to Some et al. (1996) , also including two genotypes of B. oleracea ssp. acephala C10 327 and CB151. One ml of resting spore suspension (10 7 spores.ml -1 ) prepared according to Manzanares- Phenotyping. HIF and Arabidopsis accessions were phenotyped three weeks after inoculation (21 days 331 post inoculation (dpi) for their susceptibility to P. brassicae. Plants were thoroughly rinsed with water 332 and photographed. Infected roots were removed and frozen in liquid nitrogen. Clubroot symptoms were 333 evaluated through image analysis using the GA/LA index calculated according to Gravot et al. (2011) . 334
Fine mapping of the loci responsible for clubroot resistance. Fine mapping of Pb-At5.2 was performed 335 starting from crosses between HIF lines 10499 and 13499, followed by successive rounds of genotyping 336 and clubroot phenotyping in subsequent plant generations (full details are given in Supplementary Text 337 S1). 338
RNA isolation, mRNA Sequencing and differentially gene expression determination. Total RNA was 339 extracted from frozen and lyophilized roots (collected 14 days after inoculation) using the mirVana™ 340 miRNA Isolation Kit (Invitrogen) according to the manufacturer's instructions. After extraction, the 341 RNA were quantified using a NanoDrop ND-1000 technologies and their quality was controlled using 342 the RNA 6000 assay kit total RNA (Agilent). Samples with a RIN greater or equal to seven were used 343 for sequencing. cDNA sequencing library construction and the sequencing were performed by the NGS 344 Small RNA isolation, sequencing, clusterization and differential presence determination. Small RNA 364 was extracted from frozen and lyophilized roots (collected 14 days after inoculation) using the 365 mirVana™ miRNA Isolation Kit (Invitrogen) according to the manufacturer's instructions. After 366 extraction, the small RNA was quantified using a NanoDrop ND-1000 and quality controlled using the 367 Small RNA assay kit (Agilent). Samples with a RIN greater or equal to seven were used for sequencing. 368 was carried out in a LightCycler® 480 thermocycler (Roche) on cDNA obtained as described above. 385
Gene expression was normalized using as reference two Arabidopsis genes defined as stable during 386 infection using RNA-seq data (At1g54610, At5g38470) following Pfaffl's method (Pfaffl, 2001) . Primer 387 sets were designed for each gene and are listed in Supplementary Table S1 . Supplementary Table S1 . 400
Published data. The DNAseq data, RNAseq data, variant sequences and bisulfite data of the natural 401 accessions studied were obtained from previous studies (1001 Genomes Consortium, 2016; Kawakatsu 402 et al., 2016) archived at the NCBI SRA number SRP056687 and the NCBI GEO reference: GSE43857, 403 GSE80744. The bisulfite data and small RNA data of Arabidopsis mutants studied were obtained from 404 previous study (Stroud et al., 2014) archived at the NCBI GEO reference: GSE39901. 405
Statistical analysis. Data were statistically analyzed using the R program (Team, 2013) . 406
Data availability. The data supporting the findings of this study are available within the paper and its 407 supplementary information files. All unique materials used are readily available from the authors. non-RdDM pathways (Stroud et al., 2014) . In red the methylation in CG context. In green the 737 methylation in CHG context; in blue the methylation in CHH context. Clustering of a series of accessions harbouring Col/Bur-like genomic structure at Pb-At5.2, by their level of methylation on At5g47260 and At5g47280. Bisulfite data were obtained from the 1001 genome data project (Supplementary Data 3 sheet 2). Average methylation level was calculated 1 kb before the TSS site of At5g47260 and stopping 1 kb after the TSE site of At5g47280 for each context. c Spearman correlation between the methylation and gene expression of At5g47260 and At5g47280 in a subset of 253 Arabidopsis accessions for which expression data was available (RNAseq data from 41 ). Correlation between gene expression and methylation level is given for all three DNA-methylation contexts in the interval from 1 kb before the TSS site of At5g47260, to 1 kb after the TSE site of At5g47280. d Confirmation of methylation profiles at At5g47260 in inoculated roots from 20 ecotypes. Methylation level was obtained using CHOP-qPCR. Black and white bars indicate genotypes with Bur-like and Collike methylation patterns, respectively. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots; data points are plotted as open circles. n = 4 bulks of 6 plants. 
